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Abstract
Aims: Radiotherapy target volumes in early breast cancer treatment increasingly include the internal mammary chain (IMC). In order to maximise survival
beneﬁts of IMC radiotherapy, doses to the heart and lung should be minimised. This dosimetry study compared the ability of three-dimensional conformal
radiotherapy, arc therapy and proton beam therapy (PBT) techniques with and without breath-hold to achieve target volume constraints while minimising dose
to organs at risk (OARs).
Materials and methods: In 14 patients’ datasets, seven IMC radiotherapy techniques were compared: wide tangent (WT) three-dimensional conformal
radiotherapy, volumetric-modulated arc therapy (VMAT) and PBT, each in voluntary deep inspiratory breath-hold (vDIBH) and free breathing (FB), and
tomotherapy in FB only. Target volume coverage and OAR doses were measured for each technique. These were compared using a one-way ANOVA with all
pairwise comparisons tested using Bonferroni’s multiple comparisons test, with adjusted P-values  0.05 indicating statistical signiﬁcance.
Results: One hundred per cent of WT(vDIBH), 43% of WT(FB), 100% of VMAT(vDIBH), 86% of VMAT(FB), 100% of tomotherapy FB and 100% of PBT plans in vDIBH
and FB passed all mandatory constraints. However, coverage of the IMC with 90% of the prescribed dose was signiﬁcantly better than all other techniques using
VMAT(vDIBH), PBT(vDIBH) and PBT(FB) (mean IMC coverage  1 standard deviation ¼ 96.0%  4.3, 99.8%  0.3 and 99.0%  0.2, respectively). The mean heart
dose was signiﬁcantly reduced in vDIBH compared with FB for both the WT (P < 0.0001) and VMAT (P < 0.0001) techniques. There was no advantage in target
volume coverage or OAR doses for PBT(vDIBH) compared with PBT(FB).
Conclusions: Simple WT radiotherapy delivered in vDIBH achieves satisfactory coverage of the IMC while meeting heart and lung dose constraints. However,
where higher isodose coverage is required, VMAT(vDIBH) is the optimal photon technique. The lowest OAR doses are achieved by PBT, in which the use of vDIBH
does not improve dose statistics.
Crown Copyright  2018 Published by Elsevier Ltd on behalf of The Royal College of Radiologists. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Key words: Heart-sparing radiotherapy; internal mammary chain radiotherapy; proton beam therapy for breast cancerAuthor for correspondence: A. Ranger, c/o Dr Kirby’s Secretary, Orchard
House, The Royal Marsden NHS Foundation Trust, Downs Road, Sutton,
Surrey SM2 5PT, UK.
E-mail address: alison.ranger@icr.ac.uk (A. Ranger).
https://doi.org/10.1016/j.clon.2018.01.017
0936-6555/CrownCopyright 2018 Published by Elsevier Ltd on behalf of The Roy
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The 2014 Early Breast Cancer Trialists’ Collaborative
Group systematic overview reported a signiﬁcant reduction
in breast cancer mortality associated with post-mastectomy
locoregional breast radiotherapy irrespective of the number
of lymph nodes involved and systemic therapies used [1].al College of Radiologists. This is an open access article under the CC BY-NC-ND
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wall locoregional lymph node radiotherapy (including the
internal mammary chain [IMC]) reported disease-free sur-
vival beneﬁts in the locoregional lymph node radiotherapy
group [2,3]. Subsequently, the Danish Breast Cancer Group
IMC study, which compared outcomes in right breast-
affected patients (who had the IMC irradiated) versus left
breast-affected patients (who did not have the IMC irradi-
ated), showed an overall survival beneﬁt for IMC irradiation
of 4.4% in all node-positive patients and 7.4% in those pa-
tients with amedial or central tumour and/or a minimum of
four positive lymph nodes [4]. Following publication of
these data, the UK Royal College of Radiologists issued
guidance that IMC irradiation should be considered in pa-
tients at higher risk of locoregional recurrence [5].
In long-term breast cancer survivors treated with
radiotherapy, fatal radiation-induced heart disease is the
main competing cause of mortality. Standard radiotherapy
techniques to treat the IMC (using wide tangents [WT] with
matched photon-electron ﬁelds in free breathing [FB]) have
previously been shown to deliver mean heart doses (MHD)
of around 9 Gy [6]. A caseecontrol study suggested that the
rate of radiation-induced major coronary events increases
linearly with dose (7.4%/Gy) and that there is no apparent
threshold below which patients are safe [7e9]. Therefore,
reducing the heart dose in patients undergoing IMC radio-
therapy is of vital importance.
Technical solutions exist for reducing the heart dose
associated with breast cancer radiotherapy. The UK Heart-
Spare IA trial showed that a simple and cost-effective
voluntary breath-hold technique (voluntary deep inspira-
tory breath-hold; vDIBH) could at least halve MHD from
2 Gy to <1 Gy in the context of breast/chest wall radio-
therapy alone [10]. Intensity-modulated radiotherapy,
volumetric-modulated arc therapy (VMAT) and proton
beam therapy (PBT) can also reduce heart doses, but
limiting heart doses cannot be achieved in isolation [11e15].
For locoregional pan-lymph node treatments, where the
target volume envelops the thorax, multi-ﬁeld photon
beam arrangements can increase low doses to the organs at
risk (OAR), potentially increasing the risk of radiation-
induced heart disease and secondary cancers [16e18]. PBT
has been shown in dosimetry studies to deliver lower car-
diac doses compared with photon-based techniques
[11,12,14], but the additional beneﬁt of breath-hold to PBT
has been less well studied.
The aim of this study was to compare target volume
coverage and OAR doses using seven radiotherapy tech-
niques in order to establish optimal solutions for imple-
mentation in UK IMC radiotherapy practice.Materials and Methods
Patient Selection and Volume Delineation
Fourteen patients from a single centre with left-sided
breast cancer who had been previously treated within the
HeartSpare II trial [19] (by virtue of having any heart withinthe 50% isodose on the FB computed tomography planning
scan) were selected. The patients’ median age was 57 years
(range 31e68 years). Ten patients had undergone wide local
excision, one mastectomy and three mastectomies with
deep inferior epigastric perforators ﬂap reconstruction. All
patients had undergone two radiotherapy planning
computed tomography scans, one in FB and one in vDIBH.
Left-sided clinical target volumes ([CTVs] breast, axillary
levels 1e4 and IMC) were delineated by a panel of four
clinical oncologists based on ESTRO guidelines [20]. The
planning target volumes (PTVs) were constructed by adding
a 5 mm margin to the CTVs for all photon plans [21]. All
PTVs were clipped 5mm from the skin surface. The PTV IMC
excluded lung for all photon techniques except tomother-
apy, which was optimised and reported for the whole PTV
IMC, reﬂective of local practice. CTVs were used for proton
plan optimisation and evaluation. The following normal
structures were contoured: heart, left anterior descending
coronary artery (LAD), left lung, right lung, right breast,
thyroid gland, oesophagus and brachial plexus.
Treatment Planning
For each patient, seven plans were generated: wide tan-
gents in voluntary deep inspiratory breath-hold (WT(vDIBH)),
wide tangents in free breathing (WT(FB)), volumetric-
modulated arc therapy in voluntary deep inspiratory breath-
hold (VMAT(vDIBH)), volumetric-modulated arc therapy in
free breathing (VMAT(FB)), tomotherapy in free breathing
(Tomotherapy(FB)), proton beam therapy in voluntary deep
inspiratory breath-hold (PBT(vDIBH)) and proton beam ther-
apy in free breathing (PBT(FB)). Planning was carried out
across two centres. The Royal Marsden NHS Foundation Trust
carried out WT, VMAT and PBT planning and Cambridge
University Trust carried out the tomotherapy planning. Opti-
misation priorities were deﬁned before planning to achieve
consistency between inverse planned semi-automated in-
tensity-modulated radiotherapy techniques. All plans were
for a fractionation schedule of 40 Gy in 15 fractions. The
mandatory target volume constraints for the PTVs and OAR
dose objectives are summarised in Table 1.
WT plans were created manually in the Pinnacle3 v9.10
(Philips, Fitchburg, WI, USA) treatment planning system
(TPS) using opposing wide tangential step-and-shoot
photon beams with a non-divergent posterior ﬁeld edge
modiﬁed to cover the breast or chest wall, IMC and the
inferior part of lymph node levels 1e3. A matched anterior
ﬁeld was used to cover the PTVs of lymph node level 4 and
the superior part of levels 1e3. Heart and lung shielding
was achieved using multileaf collimation. 6 MV photon
beamswere used for most patients. 10MV beamswere used
for the anterior ﬁeld to achieve coverage of nodal volumes
at depth.
VMAT plans were generated using the Pinnacle3 TPS
using Pinnacle’s SmartArc optimisation algorithm with 2
control point spacing. A ‘bowtie’ technique consisting of
two partial arcs, as described by Viren et al. [22], was used.
The two anticlockwise partial arcs each consisted of about
40 (30e50 range) of rotation about the angles used for
Table 1
Target volume and organ at risk dose constraints and objectives
Volume Constraint Objective
PTV WB V38 Gy  90%
PTV nodes (level 1e4 axilla) V32 Gy  90% V36 Gy  90%
PTV IMC V32 Gy  90% V36 Gy  90%
All PTVs Dmax ¼ 110%
Heart V17 Gy  10% Mean heart dose  6 Gy
Left lung V17 Gy  35%
Right lung Mean lung dose  4 Gy
Right breast Mean breast dose  3.5 Gy
PTV, planning target volume; WB, whole breast; IMC, internal mammary chain.
A. Ranger et al. / Clinical Oncology 30 (2018) 346e353348tangential beams. Suitable gantry start and stop angles
were chosen depending on the individual patient anatomy.
Optimisation methods were used to ensure that the ﬁelds
were shaped to the entire PTV. Robustness studies were
used to ensure the VMAT plans exhibited similar robustness
compared with the WT plans (see supplementary material
in Appendix).
Tomotherapy plans were created in the tomotherapy Hi-
ART System v4.2.2, planned using a 5 cm ﬁeld width and a
0.287 pitch. An initialmodulation factor of 1.6was set,which
was increased throughout optimisation with an end plan-
ningmodulation ofw2.6. Ipsilateral lung, contralateral lung,
heart and the lateral part of the contralateral breast were all
directionally blocked for planning. An additional ﬂash vol-
ume was created to ensure adequate coverage of the whole
breast PTV as it moved with the patient’s breathing cycle.
PBT plans were generated using the RayStation v6 TPS
(RaySearch Laboratories, Stockholm, Sweden)using intensity-
modulated pencil beam scanning. A two beam approachwith
one anterior/posterior and one en face beam (45/315) was
used to maximise robustness and improve plan quality [11].
Proton plans were created using the TPS’s robustness opti-
misation algorithm. A range uncertainty correction of 3.5%
and isotropic 5 mm uncertainty for set up errors was incor-
porated. Thesemetricswere derived froma separate planning
study, where eight patients previously treated at our centre
who had regular cone beam computed tomography scans
were re-planned with tangents, VMAT and PBT with ﬁve
different combinations of range and set-up uncertainty pa-
rameters. Estimates of the delivered dose were compared
with the planned dose in order to evaluate the robustness
optimisation parameters that resulted in PBT plans as robust
as photon plans (see supplementary data in Appendix).
Dosimetric Evaluation and Statistical Analysis
In total, 98 plans were created and evaluated. The whole
breast (PTV WB), level 1e4 axilla (PTV nodes) and PTV IMC
were analysed separately to avoid compensation for poor
coverage of the IMC by other PTVs.
Statistical analysis was carried out in Graph Pad Prism
(San Diego, CA, USA) using a one-way ANOVA with all
pairwise comparisons tested using Bonferroni’s multiple
comparisons test, with adjusted P-values  0.05 indicating
statistical signiﬁcance. Target volume coverage and OARdoses were compared between each of the seven tech-
niques. The percentage of plans meeting all target volume
and OAR mandatory constraints was assessed as a measure
of the success of the technique.Results
Figure 1 illustrates dose distributions on the same axial
computed tomography slice in the same patient for the
seven techniques.
The proportion of plans meeting all mandatory con-
straints (pass rate) and the mean target and OAR volume
doses for the 14 patients and seven techniques are pre-
sented in Table 2. All techniques met the mandatory target
volume dose constraints in all patients.Dose Comparisons for Planning Target Volumes
For coverage of the nodal PTVs with 36 Gy (90% pre-
scribed dose), PBT was signiﬁcantly superior to all photon
treatments with the exception of VMAT(vDIBH) for IMC
coverage (Figure 2a). VMAT(vDIBH) achieved signiﬁcantly
greater coverage of the IMC with 36 Gy in comparison to all
other photon therapies. All arc therapy techniques achieved
greater coverage of the nodal PTVs with 36 Gy when
compared with the WT techniques (Figure 2b) but there
was no statistically signiﬁcant difference between the arc
therapy technique used.Dose Comparisons for Organs at Risk
OAR doses varied considerably between techniques. The
MHD was signiﬁcantly reduced using breath-hold as
compared with FB for both WT and VMAT photon tech-
niques (Figure 2c). There was no signiﬁcant difference in
MHD between WT and VMAT in vDIBH or WT and VMAT in
FB. Tomotherapy and WT(FB) resulted in a signiﬁcant in-
crease in MHD when compared with all other photon
techniques. PBT signiﬁcantly reduced MHD compared with
each of the photon techniques. However, there was no
statistically signiﬁcant improvement in MHD when PBT
was planned in vDIBH as compared with FB. Both heart
V17Gy and maximum LAD dose were statistically
Fig 1. Images of the same computed tomography slice in the same patient showing the dose distribution achieved by each of the seven
radiotherapy planning techniques. The top row displays free breathing plans: (A) wide tangents in free breathing (WT(FB)), (B) volumetric-
modulated arc therapy in free breathing (VMAT(FB)), (C) proton beam therapy in free breathing (PBT(FB)), (D) tomotherapy in free breathing
(tomotherapy(FB)). The bottom row displays breath-hold scans: (E) wide tangents in voluntary deep inspiratory breath-hold (WT(vDIBH)), (F)
volumetric-modulated arc therapy in voluntary deep inspiratory breath-hold (VMAT(vDIBH)), (G) proton beam therapy in voluntary deep
inspiratory breath-hold (PBT (vDIBH)). The structures outlined in yellow are the whole breast and internal mammary chain clinical target
volumes.
A. Ranger et al. / Clinical Oncology 30 (2018) 346e353 349signiﬁcantly lower for photon techniques in breath-hold
and tomotherapy.
Ipsilateral lung dose (lung V17 Gy) was signiﬁcantly
reduced using breath-hold as compared with FB for the WT
technique and VMAT technique (Figure 2d). There was also
no signiﬁcant reduction in ipsilateral lung dose for PBT in
vDIBH compared with FB. However, PBT resulted in signif-
icantly lower ipsilateral lung doses when compared with all
photon therapies.
The contralateral lung dose was within constraints for all
patients using all techniques (Table 2). However, tomo-
therapy resulted in a statistically higher mean contralateral
lung dose when compared with other photon techniques
(Figure 2e). Contralateral breast doses were also within the
constraint set for all patients using all modalities (Table 2).
However, PBT (in vDIBH and FB) resulted in a signiﬁcant
reduction in contralateral breast dose when compared with
all photon techniques (Figure 2f).Discussion
This study, comparing seven techniques for locoregional
breast cancer radiotherapy, including irradiation of the IMC,
shows that it is possible to achieve adequate target volume
coverage using all techniques tested, albeit with varying
doses to OARs.
The simple WT technique with vDIBH met mandatory
target volume constraints with low doses to the OARs for all
14 patients studied. Coverage of the nodal target volumes
with 80% of the prescribed dose (32 Gy) is consistent with
the target volume coverage achieved in the randomised
controlled trials demonstrating the beneﬁts of pan-regional
lymph node radiotherapy. For example, in the MA20 study,which showed a disease-free survival beneﬁt with regional
lymph node radiotherapy (including the IMC), Whelan et al.
[3] speciﬁed that the IMC should be covered with the 80%
isodose, whereas in the Danish Breast Cancer Group (DBCG)
IMN study, which showed an overall survival beneﬁt from
inclusion of the IMC in the target volume, it was speciﬁed
that 90% of the IMC CTV should be covered by the 90%
isodose [4]. The WT technique achieves lower MHDs than
those previously published for three-dimensional
conformal radiotherapy to the IMC [12e15] by eliminating
the use of an anterior ﬁeld, in contrast to the matched
photon-electron ﬁeld technique, for example.
Our results are consistent with previous data showing
that arc therapies and PBToffer improved coverage of target
volumes compared with ﬁeld-based treatments. However,
arc therapies in FB struggle to achieve coverage of the IMC
with 90% of the prescribed dose while maintaining a low
MHD [12,13,15,23]. VMAT(FB) and tomotherapy techniques
met all planning constraints and both techniques per-
formed relatively well on heart V17Gy and left lung V17Gy, but
less well on MHD. The nature of tomotherapy’s delivery
resulted in the largest mean heart and contralateral lung
doses of the techniques tested. This, combined with the
inability to deliver tomotherapy in breath-hold, poses an
ongoing limitation of the technique. Nonetheless, for pa-
tients who are unable to tolerate breath-hold it is useful to
note that both tomotherapy and VMAT(FB) reduced heart
V17 Gy and LAD doses when compared with WT(FB) due to
their ability to shape higher isodoses away from the ante-
rior aspect of the heart. Although the MHD is the only
parameter on which a dose-effect relationship has been
reported [7], it is conceivable that this is a surrogate for
doses to the anterior part of the heart (which are more
speciﬁcally reﬂected in the heart V17 Gy and LAD doses), in
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A. Ranger et al. / Clinical Oncology 30 (2018) 346e353350which case the risk of late cardiac events associated with a
plan that meets the heart V17 Gy constraint but not the MHD
constraint may not be as high as predicted on existing data
[7]. The decision over how to balance target volume
coverage versus MHD will ultimately come down to the
balance of clinical risks as well as the feasibility of deliv-
ering a particular technique in each case.
For VMAT and vDIBH, Osman et al. [14] have previously
shown a reduction in MHD with the combination of partial
arc VMAT and vDIBH as compared with three-dimensional
conformal radiotherapy in vDIBH (4.1 Gy versus 5.0 Gy).
Our data show that even lower MHDs can be achieved
(VMAT(vDIBH) ¼ 2.6 Gy  1.0 standard deviation;
WT(vDIBH) ¼ 2.5 Gy  1.2 standard deviation) but this
difference is likely to be explained by the combination of
the higher target volume coverage dose constraint
(V95% 95%) together with the increased dose prescription
(42.56 Gy in 16 fractions) used in the previous study.
PBT is superior to photon therapies, both for target vol-
ume coverage and OAR dose, as previously shown
[12,15,24]. There seems to be no signiﬁcant beneﬁt in
attempting to treat patients with PBT in vDIBH, consistent
with ﬁndings from recent studies investigating this com-
bination [25,26]. PBT is the only therapy capable of deliv-
ering a mean contralateral breast dose <1 Gy. This is
probably important for young patients (<40 years) inwhom
any dose >1 Gy increases the risk of secondary malignancy
[27,28]. We have attempted to address the issue of the
robustness of PBT plans in this study but it may be neces-
sary to further increase this level of robustness optimisa-
tion, which would have a corresponding effect on OAR dose.
The effect of even minor discrepancies in tissue density
along the path of the proton and the potential effect of these
on dose deposition remain of concern. For example, the
position of a proton beam directly adjacent to the LAD raises
the possibility that, if the end of the Bragg peak were to be
underestimated by a matter of millimetres, the full dose
could be deposited in this critical structure [29,30]. This risk
could be reduced by carrying out daily cone beam
computed tomography scanning with online correction to
decrease inter-fraction positional uncertainty. Additionally,
although this planning study shows no dosimetric advan-
tage of using breath-hold in the context of protons, the use
of breath-hold could help to reduce intra-fraction motion.
By using a seven-way comparison of techniques we have
shown that, for photon techniques, moving the heart out of
the way (using breath-hold) is a more effective strategy for
reducing heart dose than purely shaping the dose (using arc
therapy). Recent modelling data published by the Early
Breast Cancer Collaborative Group [31] suggest that the
absolute increase in cardiac mortality associated with a
MHD of 4 Gy is extremely low (0.3% for a non-smoker before
the age of 80 years). In this study, MHDs <4 Gy were ach-
ieved by both WT(vDIBH) and VMAT(vDIBH), establishing
these techniques as acceptable options for heart-sparing
IMC radiotherapy. It is possible to reduce MHDs to below
4 Gy with arc therapies in FB, but this may be at the cost of
reduced nodal target volume coverage. The additional
dosimetric beneﬁts offered by PBT are small and would be
Fig 2. Differences in mean target volume coverage and organ at risk doses between techniques (Technique A, Technique B). WT(vDIBH), wide
tangents in voluntary deep inspiratory breath-hold; WT(FB), wide tangents in free breathing; VMAT(vDIBH), volumetric-modulated arc therapy
in voluntary deep inspiratory breath-hold; VMAT(FB), volumetric-modulated arc therapy in free breathing; TT(FB), tomotherapy in free
breathing; PBT(vDIBH), proton beam therapy in voluntary deep inspiratory breath-hold; PBT(FB), proton beam therapy in free breathing.
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toxicity. For example, for a non-smoker with no additional
cardiac risk factors, the delivery of pan-regional lymph node
radiotherapy using WT or VMAT in vDIBH would deliver on
average 2 Gy greater MHD than using PBT, which would
result in an absolute increase in cardiac mortality of less
than 0.15% [31]. However, there will be individual patients
with anatomical variations (e.g. those with pectus excava-
tum) in whom PBT will achieve a clinically signiﬁcantly
greater reduction in MHD compared with the optimal
photon technique (VMAT in vDIBH).
This study was limited by differences in radiotherapy
planning between individuals and across two sites. Although
optimisation parameters were deﬁned before planning and
mandatory dose constraint coverage of target volumes was
prioritised for all techniques, inter-planner variation be-
tween the three dosimetrists and individual interpretation of
the dose objectives resulted in variations in target volumecoverage with higher dose, MHD and LAD dose. The gen-
eralisability of the results was further limited by the small
sample size used in this study. The study also provided no
data regarding the feasibility of implementing the tech-
niques tested. It is possible that the resource implications
associated with implementing VMAT(vDIBH) for all patients
requiring IMC radiotherapy could slow or prevent the
implementation of IMC radiotherapy in resource-limited
healthcare settings. By comparison, the WT(vDIBH) tech-
nique could be implemented in many radiotherapy centres
with relatively little need for additional equipment or
training (provided a dose of 32 Gy to the locoregional nodes
is deemed acceptable). The HeartSpare Plus clinical phase II
study is currently testing the feasibility, resource impact and
acute toxicities of WT(vDIBH) versus VMAT techniques.
Ultimately, one technique will not be appropriate for all
patients. This study presented a range of possible tech-
niques for treating the IMC that can be tailored to the
A. Ranger et al. / Clinical Oncology 30 (2018) 346e353352individual based on factors such as risk of recurrence,
anatomy and ability to tolerate breath-hold.Conclusion
In this dosimetry study, simple WT radiotherapy deliv-
ered in vDIBH achieved satisfactory coverage of the IMC
while meeting heart and lung dose constraints. However,
where higher isodose coverage is required, VMAT(vDIBH) is
the optimal photon technique. The lowest OAR doses are
achieved by PBT, in which the use of vDIBH does not
improve dose statistics. Ideally centres will have access to
more than one technique in order to select the optimal
solution for individual patients.Acknowledgements
This research is funded by The Royal Marsden National
Institute of Health Research Biomedical Research Centre
grant ‘A079 - HeartSpare-Plus: Optimising radiotherapy
planning and delivery for pan-regional lymph node radio-
therapy in patients with breast cancer’. Dr Charlotte Coles is
supported by the Cambridge National Institute of Health
Research Biomedical Research Centre.Appendix A. Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.clon.2018.01.017.References
[1] Early Breast Cancer Trialists’ Collaborative Group. Effect of
radiotherapy after mastectomy and axillary surgery on 10-
year recurrence and 20-year breast cancer mortality: meta-
analysis of individual patient data for 8135 women in 22
randomised trials. Lancet 2014;383(9935):2127e2135.
[2] Poortmans PM, Collette S, Kirkove C, Limbergen EV, Budach V,
Struikmans H, et al. Internal mammary and medial supra-
clavicular irradiation in breast cancer. N Engl J Med 2015;373:
317e327.
[3] Whelan TJ, Olivotto IA, Parulekar WR, Ackerman I, Chua BH,
Nabid A, et al. Regional nodal irradiation in early-stage breast
cancer. N Engl J Med 2015;373:307e316.
[4] Thorsen LBJ, Offersen BV, Danø H, Berg M, Jensen I,
Pedersen AN, et al. DBCG-IMN: a population-based cohort
study on the effect of internal mammary node irradiation in
early node-positive breast cancer. J Clin Oncol 2016;34:
314e320.
[5] Postoperative radiotherapy for breast cancer: UK consensus
statements. Available at: www.rcr.ac.uk; 2016.
[6] Hjelstuen MHB, Mjaaland I, Vikstr€om J, Dybvik KI. Radiation
during deep inspiration allows loco-regional treatment of left
breast and axillary-, supraclavicular- and internal mammary
lymph nodes without compromising target coverage or dose
restrictions to organs at risk. Acta Oncologica 2012;51:
333e344.
[7] Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U,
Bronnum D, et al. Risk of ischemic heart disease in womenafter radiotherapy for breast cancer. N Engl J Med 2013;368:
987e988.
[8] Darby SC, McGale P, Taylor CW, Peto R. Long-term mortality
from heart disease and lung cancer after radiotherapy for
early breast cancer: prospective cohort study of about 300
000 women in US SEER cancer registries. Lancet Oncol 2005;6:
557e565.
[9] Taylor CW, Povall JM, McGale P, Nisbet A, Dodwell D, Smith JT,
et al. Cardiac dose from tangential breast cancer radiotherapy
in the year 2006. Int J Radiat Oncol Biol Phys 2008;72:501e507.
[10] Bartlett FR, Colgan RM, Carr K, Donovan EM, McNair HA,
Locke I, et al. The UK HeartSpare Study: randomised evalua-
tion of voluntary deep-inspiratory breath-hold in women
undergoing breast radiotherapy. Radiother Oncol 2013;108:
242e247.
[11] Jimenez RB, Goma C, Nyamwanda J, Kooy HM, Halabi T,
Napolitano BN, et al. Intensity modulated proton therapy for
postmastectomy radiation of bilateral implant reconstructed
breasts: a treatment planning study. Radiother Oncol 2013;
107:213e217.
[12] Lomax AJ, Cella L, Weber D, Kurtz JM, Miralbell R. Potential
role of intensity-modulated photons and protons in the
treatment of the breast and regional nodes. Int J Radiat Oncol
Biol Phys 2003;55:785e792.
[13] Popescu CC, Olivotto IA, Beckham WA, Ansbacher W,
Zavgorodni S, Shaffer R, et al. Volumetric modulated arc
therapy improves dosimetry and reduces treatment time
compared to conventional intensity-modulated radiotherapy
for locoregional radiotherapy of left-sided breast cancer and
internal mammary nodes. Int J Radiat Oncol Biol Phys 2010;76:
287e295.
[14] Osman SOS, Hol S, Poortmans PM, Essers M. Volumetric
modulated arc therapy and breath-hold in image-guided
locoregional left-sided breast irradiation. Radiother Oncol
2014;112:17e22.
[15] Ares C, Khan S, MacArtain AM, Heuberger J, Goitein G,
Gruber G, et al. Postoperative proton radiotherapy for local-
ized and locoregional breast cancer: potential for clinically
relevant improvements? Int J Radiat Oncol Biol Phys 2010;76:
685e697.
[16] Taylor CW, Kirby AM. Cardiac side-effects from breast cancer
radiotherapy. Clin Oncol 2015;27:621e629.
[17] Donovan EM, James H, Bonora M, Yarnold JR, Evans PM. Sec-
ond cancer incidence risk estimates using BEIR VII models for
standard and complex external beam radiotherapy for early
breast cancer. Med Phys 2012 October;39(10):5814e5824.
[18] Hall EJ, Wuu CS. Radiation-induced second cancers: the
impact of 3D-CRT and IMRT. Int J Radiat Oncol Biol Phys 2003;
56:83e88.
[19] Bartlett FR, Donovan EM, McNair HA, Corsini LA, Colgan RM,
Evans PM, et al. The UK HeartSpare Study (Stage II): multi-
centre evaluation of a voluntary breath-hold technique in
patients receiving breast radiotherapy. Clin Oncol 2017;29:
e51ee56.
[20] Offersen BV, Boersma LJ, Kirkove C, Hol S, Aznar MC, Biete A,
et al. ESTRO consensus guideline on target volume delinea-
tion for elective radiation therapy of early stage breast cancer.
Radiother Oncol 2015;114:3e10.
[21] Poortmans PMP, Venselaar JLM, Struikmans H, Hurkmans CW,
Davis JB, Huyskens D, et al. The potential impact of treatment
variations on the results of radiotherapy of the internal
mammary lymph node chain: a quality-assurance report on
the dummy run of EORTC phase III randomized trial 22922/
10925 in stage IeIII breast cancer. Int J Radiat Oncol Biol Phys
2001;49:1399e1408.
A. Ranger et al. / Clinical Oncology 30 (2018) 346e353 353[22] Viren T, Heikkil€a J, Myllyoja K, Koskela K, Lahtinen T, Sep€al€a J.
Tangential volumetric modulated arc therapy technique for
left-sided breast cancer radiotherapy. Radiat Oncol 2015;10:79.
[23] SakumiA, Shiraishi K,OnoeT, YamamotoK,HagaA, YodaK, et al.
Single-arc volumetric modulated arc therapy planning for left
breast cancer and regional nodes. J Radiat Res2012;53:151e153.
[24] MacDonald SM, Patel SA, Hickey S, Specht M, Isakoff SJ,
Gadd M, et al. Proton therapy for breast cancer after mas-
tectomy: early outcomes of a prospective clinical trial. Int J
Radiat Oncol Biol Phys 2013;86:484e490.
[25] Mast ME, Vredeveld EJ, Credoe HM, van Egmond J,
Heijenbrok MW, Hug EB, et al. Whole breast proton irradia-
tion for maximal reduction of heart dose in breast cancer
patients. Breast Cancer Res Treat 2014;148:33e39.
[26] Yu J, Park SS, Herman MG, Langen K, Mehta M, Feigenberg SJ.
Free breathing versus breath-hold scanning beam proton
therapy and cardiac sparing in breast cancer. Int J Part Ther
2016;3:407e413.
[27] Stovall M, Smith SA, Langholz BM, Boice Jr JD, Shore RE,
Andersson M, et al. Dose to the contralateral breast fromradiotherapy and risk of second primary breast cancer in the
WECARE Study. Int J Radiat Oncol Biol Phys 2008;72:1021e1030.
[28] Ibrahim EM, Abouelkhair KM, Kazkaz GA, Elmasri OA, Al-
Foheidi M. Risk of second breast cancer in female Hodgkin’s
lymphoma survivors: a meta-analysis. BMC Cancer 2012;12:
197.
[29] Correa CR, Litt HI, Hwang WT, Ferrari VA, Solin LJ, Harris EE.
Coronary artery ﬁndings after left-sided compared with right-
sided radiation treatment for early-stage breast cancer. J Clin
Oncol 2007;25:3031e3037.
[30] Lind PA, Pagnanelli R, Marks LB, Hu C, Borges-Neto S,
Hardenbergh PH. Myocardial perfusion changes in patients
irradiated for left-sided breast cancer and correlation with
coronary artery distribution. Int J Radiat Oncol Biol Phys 2003;
51(3 Suppl. 1):157e158.
[31] Taylor C, Correa C, Duane FK, Aznar MC, Anderson SJ, Bergh J,
et al. Estimating the risks of breast cancer radiotherapy: evi-
dence from modern radiation doses to the lungs and heart
and from previous randomized trials. J Clin Oncol 2017;35:
1641e1649.
